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SUMMARY 

A n  investigation has been conducted with a blunt, 30° half-cone entry config- 8 
uration, known as the M-1, to evaluate its aerodynamic force, stability, and con- 
trol characteristics at Mach numbers of 5.2, 7.4, and 10.4 and at Reynolds numbers 
of 400,000 to 1,200,000 based on the body length. 

In agreement with results determined previously from extensive investigations 
of the M-1 shape, the basic body was self-trimming at a lift-dfag ratio of about I 
0.5, was statically stable about all three axes, and could be trimmed over a range 
of lift-drag ratios from 0.5 to 0 with aerodynamic-control systems. Theoretical 
estimates, primarily based on impact theory, were satisfactory for approximating 
the aerodynamic characteristics of the basic body without flaps or with flaps at 
small deflections. A new type of roll control was investigated and found to be 
more effective than aerodynamic roll controls previously tested with the M-1 by a 
factor of about two. A change in body shape representative of that which might 
occur as a result of ablation during entry flight was found to have a small effect 
on the aerodynamic characteristics. For large flap deflections, shadowgraphs 
indicated unsteady flow in the region where the body and flap shock waves coalesce, 
and qualitative tests utilizing heat-sensitive paint indicated localized hot spots 
on the flaps and the body ahead of the flaps for the same large flap deflections. 

INTRODUCTION 

It is now well known that a body with controlled lifting characteristics has 
several important advantages over a ballistic body for use as a manned atmosphere- 
entry vehicle. Studies, such as reference 1, have shown that the ability to 
develop lift-drag ratios of about 0.5, can significantly reduce maximum heating 
rate and deceleration and increase range and maneuverability during entry. Refer- 
ence 2 indicates that a vehicle with this lift-drag ratio has less stringent 
guidance requirements because its parabolic-speed entry corridor is five times 
deeper than that for a ballistic vehicle. To realize the potential advantages of 
a lifting body, a control system is required to vary the lift-drag ratio and the 
roll angle. 
-.Unclassified 



One possible l if t ing-type body consisting basical ly  of one-half of a blunt ' 
cone with a semiapex angle of 30' and f laps a t  the base for  control (now known as  
the M-1) was suggested i n  reference 1 and was shown t o  be s table  and self-trimming 
a t  a maximum l i f t -drag r a t i o  of 0.5 at hypersonic speeds without the use of aero- 
dynamic control.  Additional studies of t h i s  configuration are  presented i n  
references 3 through 11. A review of the force data presented i n  references 6 
through 10 indicated some areas where further research was necessary. For example, 
a complete aerodynamic control system capable of providing d i rec t  r o l l  control 
f ree  of cross-coupling problems had not been developed, nor was the e f fec t  of 
Reynolds number and Mach number changes defined above Mach number 6 except i n  
helium. Also reference 6 indicated a loss  i n  s t a b i l i t y  with a s l igh t  change in  I ,  

nose prof i le  which suggested further study of a possible e f fec t  of an ablated 
surface on s t a b i l i t y .  

The present investigation w a s  undertaken t o  extend the pr ior  investigations 
and t~ support the data obtained i n  helium. Two s e t s  of controls previously 
tested were included i n  the analysis. The f i r s t  se t ,  which consisted of two upper 
and two lower pi tch flaps,  was only b r i e f ly  tes ted because of i t s  aerodynamic 
cross coupling. !The second control se t  consisted of single upper and lower pitch 
f laps and two side f laps fo r  directional control. This second control set ,  with 
the side f laps  modified t o  provide r o l l  control, i s  emphasized herein. Comparison 
of the experimental data  with estimates made using a combination of impact theory 
and two-dimensional shock-expansion theory i s  presented t o  permit a further eval- 
uation of the theory. 

NOTATION 

base area of model, 0.5686 d2 

axial-force coefficient 

. base-force coefficient, C cos 6.6' 
Pb 

drag drag coefficient,  - w 
l i f t  l i f t  coefficient,  - 
%'A 

C 2  rolling-moment coefficient, rol l ing moment 
%Ad 

p i t  ching-moment coefficient , pitching moment 
Cm 

giOOCl2 

yawing-moment coefficient,  yawing moment 



normal force C Ll~~-i~al force coefficient, .-- ------.;- N a- 
P-._pa 

C~ pressure coefficient, - 
4- 

C %-yw base-pressure coefficient, - 
Pb 4, 

C~ side-force coefficient, Side 
q& 

c .g. center of gravity and reference for moments 

d base diameter of model 

2 length of model 

L/D lift-drag ratio 

M Mach number 

P static pressure 

Pa free-stream static pressure 

403 free-stream dynamic pressure 

R Reynolds number based on model length 

Tt, 
reservoir total temperature 

a angle of attack (measured with respect to basic-body upper surface) 

P angle of sideslip 

A incremental change due to control deflection 

62 ldeflection angle of a lower flap 

6r ldeflection angle of roll portion of a sid-e flap (relative to yaw segment) 

,deflection angle of an upper flap 

6 %deflection angle of a side flap 
Y 

lUnless otherwise indicated, at zero deflection, control is normal to body 
base aizd positive deflections are outward into a,ir stream (see fig. !I(b)) 



Subscripts 

a derivative with respect t o  angle of attack 

I3 derivative with respect t o  angle of s idesl ip  

L l e f t  side looking upstream 

R r ight  side looking upstream 

S s t a b i l i t y  ax is  

max maximum value 

APPARATUS AND MODELS 

The Ames 3.5-Foot Hypersonic Wind Tunnel is  a blowdown type capable of oper- 
ating a t  nominal Mach numbers of 5, 7, 10, and 15, a t  t o t a l  pressures up t o  1,800 
pounds per square inch, and a t  stagnation temperatures up t o  3 ,800~ F fo r  tes t ing 
times up t o  four minutes. A schematic sketch of the tunnel system and a photo- 

I 
i 

graph of the t e s t  section and model support system are  shown i n  figures 1 and 2. 
The hel iumline indicated i n  figure 1 supplies helium t o  a film-cooling system 
which protects the nozzle and t e s t  section w a l l s  from the hot free-stream a i r .  
The helium is injected through an annular s lo t  located just upstream of the mini- 
m area section of the nozzle. The axia l ly  symmetric t e s t  section has a nominal 
diameter of 3.5 f ee t .  The model support system is  hydraulically actuated and 
servo controlled over an angle-of-attack range of -5' t o  + l?O.  Other angles in  
the pi tch or yaw planes are  obtained with changes i n  position or  mounting of the 
models. The operation of the wind tunnel i s  automatic during a t e s t  run; the 
model a t t i tude  sequence and pressures desired are  programmed into a controller 
pr ior  t o  a run. The data a re  recorded on magnetic tape a t  a ra te  of 2,500 samples 
per second. 

The models are  mounted on a conventional strain-gage balance t h a t  is  ther- 
mally protected by an evacuated s t e e l  bot t le .  The bodies and flaps were made of 
a s ta in less  s t e e l  which has good strength character is t ics  at elevated temperatures. 
The flaps were so l id  but the bodies had a wall thickness of 3/8 inch except for  
the nose which was 2 inches thick. 

The dimensions of the half-cone entry body (basic M-1 shape) a re  presented 
i n  figure 3 .  The blunt nose profi le  was faired from a spherical shape t o  a cone, 
as shown by the l i s t e d  ordinates and described i n  reference 6 as  the modified 
prof i le .  Two control s e t s  were tested with the M-1: Control s e t  I consisted of 
two upper and two lower pi tch f laps ( f i g .  4(a));  control s e t  I1 consisted of 
single upper and lower pi tch f laps with two side f laps for  direct ional  control 
( f i g .  4(b) ) . Photographs of the basic body and the control systems with the flaps 
deflected are  shown i n  figure 5. For these t e s t s  the side flaps of control s e t  
I1 were modified t o  provide r o l l  control. The modification consisted of folding 
e i ther  an upper or  a lower corner of the f lap  a s  shown i n  figures 4(b) and 5 (b ) .  



A second body w a s  rmde and t e s t ed  with a p ro f i l e  t ha t  d i f fe red  from the bas ic  
shape by an amo~mt representative of the  material  l o s t  during aWbla,tion. The 
dimensions of t h i s  body, which i s  0 . 1  inch shorter  than the  basic  body, a r e  pre- 
sented i n  f igure  6 .  The amount and d i s t r i bu t i on  of material  removed from the 
-basic shape was determined from an a,nalysis of an ea r th  atmosphere elitry of a 
poss ible  three-main lunar vehic le .  A b r i e f  description of t h i s  analysis  i s  included 
i n  the  discussion of tlie r e s u l t s  obtained fo r  the  a,blated body. 

TESTS AND PROCEDURES 

Tlie t e s t s  were conducted a t  Mach numbers of 5.2,  7.4, and 10.4 a t  angles of 
a t t a ck  from -30° t o  tl?', and a t  Reynolds numbers from 400,000 t o  1,200,000 based 
on the  body length .  The data  were recorded automatically a t  each of 19  angle-of- 
a t t a ck  posi t ions  during an average t o t a l  t e s t i ng  time of about 1-1/3 minutes. To 
insure t h a t  the  angle of a t t ack  was s ta t ionary  a t  each posi t ion before data  were 
taken, the  angle of a t t ack  was automatically monitored and data  were taken only 
when conditions were steady. To cover the  desired angle-of-attack range of -30° 
t o  t-15°, three separate runs were necessary. Data a t  angles of a t t ack  from -To 
t o  +l?O were taken with the  model erect ,  and data a t  +5O t o  -15' and -lo0 t o  -30' 
(model base-plate angle, -15') were taken with the  model inverted.  

A l l  aerodynamic coeff ic ients  a re  referred t o  the  base a rea  and t o  an assumed 
center of g rav i ty  a s  shown i n  f igures  3 and 4(a); the  pitching-moment coef f ic ien t s  
a r e  re fe r red  t o  the  basic-body length and yawing- and rolling-moment coef f ic ien t s  
t o  the  basic-body diameter. The experimental and t heo re t i c a l  data contain the  
s m a l l  drag contribution of the  body base. Theoretical estimates of the  aerodynamic 
charac te r i s t i cs  a r e  based on impact theory s imilar  t o  t h a t  presented i n  reference 
12, except f o r  the  upper surface of the  body where two-dimensional shock-expansion 
theory was used and for  the  base-drag coeff ic ient  which was assumed proportional  
t o  1 / ~ 2 .  Estimates were a l so  made f o r  which the  impact-theory port ion w a s  modified 
by using the  computed total-pressure coeff ic ient  downstream of a normal shock wave 
ra ther  than the  value of 2.00. 

The models were coated with pa in t s  which vary i n  color with temperature a s  
described i n  reference 13. These pa in t s  were used t o  indicate  hot spots on the  
body and f l a p s .  Photographs of the  hot  spots were then corre la ted with shadow- 
graph p ic tu res .  

I n  addit ion t o  the t e s t s  i n  the  3.5-foot tunnel, a few t e s t s  were conducted 
i n  the  Ames 14-inch helium tunnel a t  Mach numbers of 10.9, 17.8, and 21.2. These 
t e s t s  were s imilar  t o  those described i n  reference 10 .  

PRECISION 

The model a t t i t udes  could be repeated with e r rors  well  within t-0.1'; however, 
stream-angle corrections (mxim~m angulari ty i s  0.3') have not been made . The 
estimated ulaxi~num er rors  i n  tlie data  t h a t  could r e s u l t  from instrumentation and/or 
data-recording e r rors  fo r  the  t e s t  ranges of Mach number, Reynolds number, and 
reservoir  stagnation tenlperature axe  l i s t e d  i n  the following ta,ble: 
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1450 t o  1500 f30 fO.OO1 

800 t o  goo f30 k ,007 

750 t o  800 f 30 f .004 

1500 t o  1600 f 30 f.002 

800 t o  850 230 2.003 

1550 t o  1700 f50 + .006 

1600 to 1800 f50 f -004 

were taken at  these condj t ions. 

An additional error of about 1 percent is possible from the variation in 
dynamic pressure. In general, the data repeated for one set of test conditions 
with differences less than the errors stated. 

RFSULTS AND DISCUSSION 

Presentation of Results 

The experimental data as a function of model attitudes and/or control deflec- 
tions are presented first for the basic and ablated bodies and then for the basic 
body with various control configurations. The aerodynamic characteristics of the 
basic body, including the effect of ablation are shown in figures 7 through 10. 
The Reynolds numbers of the tests as a function of Mach number are shown in figure 
11. Selected data for control set I are presented in figure 12; otherwise the 
data presented for control set I are limited to later comparisons with control set 
11 and to Mach number cross plots. Emphasis was placed on the investigation of 
control set I1 modified to include roll control, and these results are presented 
in figures 13 through 27. Table I lists the aerodynamic characteristics for the 
basic body with side flaps undeflected and includes representative base-drag coef- 
ficients in parts (e) and (f) . Impact theory has been used to compute the char- 
acteristics of every configuration, and where convenient, these estimates are 
presented in each figure with the experimental results. 

Unless otherwise noted the results are for Reynolds numbers of 800,000 at 
M = 5.2 and 7.4, and 600,000 at M = 10.4 (based on the length of the body) . As ' 1  
will be discussed with the results for control set 11, the effects of Reynolds 
number changes of this order were negligible, and therefore the Reynolds numbers 
are not listed on each figure. ' 1  



Basic Body 

Longitudinal characteristics.-  The experimental r e su l t s  of figure 7 demon- 
s t r a t e  tha t  the basic body without controls w i l l  t r i m  a t  a l i f t -drag r a t i o  of 
about 0.5 and is s t a t i c a l l y  stable fo r  the selected center-of-gravity location. 
In  addition, the theoret ical  estimates i n  figure 7 a re  i n  approximate agreement 
with the experimental trends with angle of attack. These resu l t s  support the 
findings of references 6 and 10. It should be noted tha t  the contribution of 
base drag is included i n  a l l  data presented i n  t h i s  report .  Representative agree- 
ment between the estimated and experimental base-pressure coefficients fo r  the 
basic  body i s  shown i n  figure 8. 

Lateral-directional characteristics.-  A s  shown i n  figure 9, the l a t e ra l -  
and direct ional-s tabi l i ty  character is t ies  of the basic body indicate it t o  be 
s table  for  the t e s t  angles of a t tack.  These character is t ics  are  insensit ive t o  
changes i n  angle of a t tack from -5O t o  +15O as indicated by both experimental and 
theoret ical  resu l t s  i n  figure 9(a) . These experimental resu l t s  were generally 
determined from a two-point slope of data obtained a t  s ides l ip  angles of o0 and 
- 3 O .  The slopes at zero angle of attack and the l i n e a r i t y  of the data a t  small 
angles of s idesl ip  were verif ied by resu l t s  obtained fo r  j3 = - l 5 O  t o  +?O as 
shown i n  figure g(b) . 

Effects of ablation.- A s  mentioned previously, t h i s  phase of the investiga- 
t i o n  was undertaken because the data of reference 6 indicated a decrease i n  lon- 
gi tudinal  s t a b i l i t y  with a small change i n  nose prof i le  fo r  the basic body with 
control s e t  I undeflected. In the present study, t e s t s  were made with the body 
contour modified as  shown i n  figure 6 t o  simulate a change i n  shape due t o  abla- 
t i o n .  The amount of material ablated was determined from calculations fo r  three 
types of entry into the ea r th ' s  atmosphere, as  defined i n  figure 11, a s a t e l l i t e  
entry, an overshoot parabolic entry, and an undershoot parabolic entry, and for  
four different  p l a s t i c  ablators with densit ies from 59 t o  150 pounds per cubic 
foot .  For t h i s  range of conditions, the maximum thickness of material removed 
from the stagnation point, scaled t o  model size,  varied between 0.090 and 0.113 
inch. A value of 0.100 inch was selected fo r  the t e s t .  Away from the stagnation 
point, the material removed was assumed t o  vary d i rec t ly  with the dis t r ibut ion of 
the  heat-transfer r a t e s  of reference 11. 

The effects  of the shape change of the present investigation, which is  l e s s  
localized than tha t  of reference 6, were very s l igh t  ( f i g  10) fo r  the basic body 
with control s e t  I1 undeflected (M = 10.4).  Estimates based on impact theory 
a lso  indicated only a s l igh t  effect  of the shape change. Although not presented, 
similar resu l t s  were obtained at M = 7.4 with control s e t  I undeflected. The 
s l i g h t  increase i n  s t a b i l i t y  due t o  the shape change ( f ig .  10) is of the same mag- 

, nitude as  a computed decrease i n  s t a b i l i t y  which would r e su l t  from a movement of 
the  center of gravity as  material is ablated from the f l i g h t  vehicle. The com- 
puted ver t ica l  movement of the center of gravity was s l igh t ly  stabilizing, but 
w a s  small relat ive t o  the computed destabilizing longitudinal movement. For t h i s  
estimate, it was assumed tha t  the full-scale vehicle had a 12-foot base diameter 
and an ablation-material weight of 75 pounds per cubic foot .  



Control Set II 

Longitudinal charac te r i s t i cs  .- Control s e t  I1 consisted of s ingle  upper a,nd 
lower p i tch  f l aps  with two side f l aps  f o r  d i rec t iona l  and r o l l  con t ro l .  Repre- 
senta t ive  e f f ec t s  of Reynolds number changes on the longi tudinal  aerodynamic char- 
a c t e r i s t i c s  of the basic  body with the  upper Tlap of control  s e t  I1 def lected 90' 
are  shown i n  f igure  13. The drag and pitching-nioment coeff ic ients  increased only 
s l i g h t l y  with increased Reynolds number. The e f f ec t s  f o r  the  example shown a re  
equal t o  o r  greater  than the  e f f ec t s  of Reynolds number noted f o r  any other  t e s t  
configuration.  

Incremental ch&nges i n  the  pitching-moment coeff ic ients  with changes i n  f l ap  
angle and i n  angle of a t t ack  a r e  shown i n  f igure  16 f o r  Mach numbers of 7.4 and 
10.4. The l i f t -  and drag-coeff i c i e n t  increments f o r  M = 7.4 shown i n  f igure  
16(b) a re  t yp i ca l  of those fo r  both Mach numbers. The r e su l t s  of f igure  16 a r e  
p lo t ted  as a function of the  f l a p  angle r e l a t i ve  t o  the  f r ee  stream t o  permit a 
more d i r e c t  comparison of the  upper and lower p i tch  f l aps .  The upper f l a p  was 
generally l e s s  e f fec t ive  than the  lower f l ap .  The e f f ec t s  of interference from 
the body a r e  indicated i n  f igure  16 by the  differences between the  experimental 
r e su l t s  and theore t ica l  est imates.  For example, the  lower f l a p  at l a rge  deflec- 
t ions  and at  moderate angles of a t t ack  was more e f fec t ive  than indicated by the  
theore t ica l  estimates. This increased effectiveness i s  considered t o  be due t o  
increased pressures primarily on the  f l a p  produced by a multiple compression 
through t he  body and f l a p  shock waves a s  previously discussed i n  reference 6. 
(see a l so  t he  shadowgraph pic ture  i n  the  lower pa r t  of f i g  . 13(b) .) The e f f e c t  
of body angle of a t t ack  on the  interference produced with the  f l aps  is  pa r t i cu l a r l y  
evident i n  f igure  16(c) .' Thus f o r  l a rge  def lect ions  of the  f laps ,  the  agreement 
between t h e  theore t ica l  estimates and experiment i s  generally poor. 

Latera l -di rect ional  character is t ics . -  The l a t e r a l -  and d i r ec t i ona l - s t ab i l i t y  
charac te r i s t i cs  f o r  the  basic body with control  s e t  I1 undeflected ( f i g .  17) a re  
very s imilar  t o  the  r e su l t s  f o r  the  body alone. Deflection of the  s ide  f l aps  
appears t o  have l i t t l e  e f f ec t  on the  s t a b i l i t y  o r  on the  l i n e a r i t y  of the  yawing- 
and rolling-moment coeff ic ients  f o r  small angles of s i de s l i p  ( f i g .  1 7 ( b ) ) .  

As noted ea r l i e r ,  e i t he r  an upper or  a lower corner of the  s ide  controls of 
control  s e t  I1 could be deflected fo r  r o l l  control .  Figure 19 i l l u s t r a t e s  how 
the  controls could be used i n  combination t o  produce ro l l i ng  moments with yaw- 
ing moments near ly  cancelled. Presented i n  t h i s  f igure  a re  the  incremental aero- 
dynamic charac te r i s t i cs  obtained from the  l e f t  f l ap  deflected 90' and with i ts  
upper corner deflected 90' and from the  r i gh t  f l ap  a l so  deflected 90' with i ts  
lower corner deflected 90'. Adding the  r o l l  contributions of the  two f l aps  
r e s u l t s  i n  a rolling-moment coeff ic ient  of 0.05 which is  r e l a t i v e l y  insensi t ive  
t o  changes i n  angle of a t t ack .  The yawing moments of the  two f l aps  tend t o  cancel 
and through the  angle-of-attack range the resul tant  yawing moments a r e  l e s s  than 
about 20 percent of the  yawing moment produced by a s ingle  f l a p .  The small 
pitching-moment contributions of the  two f l aps  do not cancel; however, t h i s  moment 
could be eliminated by s l i g h t l y  lowering the  s ide  f l aps  t o  a posi t ion more i n  
l i n e  witli tlie assumed center of gravi ty .  

lThe curves i n  f igure 16 are  iden t i f i ed  by t h e i r  correspondence i n  length t o  
the  labeled scales  a t  the top of the  f igure  which show the angle of a t t ack .  



As shown i n  f igure  20, the agreement betpreen the experimental r e s u l t s  and 
the  theore t ica l  estimates i s  good fo r  s-mall def lect ions  of the  side f l aps  t o  pro- 
vide yaw and ro l l i ng  moments. This is not the  case f o r  the l a rger  f l ap  deflec- 
t i ons  a s  i l l u s t r a t e d  a t  an angle of a t t ack  of O0 i n  f igure  21. Included i n  t h i s  
f igure  are  r e s u l t s  obtained i n  helium, which were used primarily t o  augment the  
a i r  data  a t  f l a p  def lect ions  of 45' and 60'. (A  comparison between data obtained 
i n  a i r  a,nd helium i s  contained i n  the appendix.) Figure 21 indicates a  l a rge  
favorable interference e f f ec t  which r e su l t s  i n  an increase i n  the  effect iveness  
of the  corners of t he  f l aps  t o  produce r o l l  control .  This interference e f f e c t  i s  
probably due i n  pa r t  t o  increased pressures produced by the main par t  of the  f l a p  
act ing on the  def lected corners and i n  p a r t  t o  multiple compression through shock 
waves, a s  previously mentioned. The r e s u l t s  of f igure  21 a l so  indicate t h a t  a  
600 def lect ion of the  f l a p  fo r  yaw r e s u l t s  i n  the  maximum ro l l i ng  moments f o r  a l l  
upper corner def lect ions  of the  f l ap  except OO. 

I f  yawing of t he  body i s  acceptable, then the  body ro l l i ng  moment due t o  yaw 
( f i g .  17(b) )  could be used t o  supplement the  ro l l i ng  moment of a  s ide  f l a p  with 
t he  lower cornez def lec ted .  I f  the  technique of r o l l i ng  the  body t o  modulate the  
l i f t  were used, a s impl i f icat ion of the  control  system could be made by t h e  elim- 
inat ion of the  p i t ch  f l a p s .  

T r i m  capabil i ty.-  The p i tch  f l aps  of control  s e t  I1 were e f fec t ive  i n  chang- 
ing the  t r i m  l i f t - d r ag  r a t i o s  of the  M-1 from tO .55 t o  -0.14 with a  corresponding 
reduction i n  t r i m  angle of a t t ack  from + 1 3 O  t o  -24.5'. A summary of the  t r i m  
capab i l i t i e s  of the  p i tch  f l aps  determined both experimentally and t heo re t i c a l l y  
i s  presented i n  f igure  22. It is  apparent from the  experimental r e s u l t s  tha t ,  i f  
a  f ixed angle of a t t a ck  i s  desired, the  t r i m  l i f t -d rag  r a t i o s  can be var ied only 
a s l i g h t  amount, general ly  about 0.1, through def lect ion of the  p i tch  controls  
alone. The t heo re t i c a l  r e s u l t s  show a  somewhat l a rge r  possible var ia t ion,  pa r t i c -  
u l a r l y  a t  angles of a t t ack  near -100. This and other d i s to r t ions  of the  experi- 
mental curves of f igure  22(a) r e l a t i ve  t o  the  curves from the  theore t ica l  
est imates ( f i g .  22(b))  a re  due primarily t o  e f f e c t s  previously discussed. 

Comparison of control  se t s . -  Selected pitching-moment coeff ic ients  f o r  con- 
t r o l  s e t  I1 a re  repeated i n  f igure  23 along with the r e s u l t s  obta,ined f o r  control  
s e t  I .  For p i tch  control ,  the f l aps  of control  s e t  I a re  used i n  pa i r s ,  and an 
est imate of the  combined effectiveness has been obtained by multiplying t he  incre- 
ment obtained f o r  one f l a p  by 2 .  Thus it i s  apparent, a s  a l so  noted i n  references 
6 and 10, t h a t  control  s e t  I is of ten more e f fec t ive  than control  s e t  I1 i n  pro- 
viding t r i m  i n  p i t c h .  However, control  s e t  I has greater  surface area  so  a com- 
parison fo r  equal f l a p  areas  might be more s ign i f ican t  from a  weight standpoint .  
Accordingly, the  data  f o r  one f l a p  of control  s e t  I have a l so  been multiplied by 
1-2/3 t o  give the  equal a rea  curves shown i n  f igure  23. On t h i s  bas i s  the  con- 
t r o l s  on the  upper surface are  s t i l l  more e f fec t ive  i f  located near the corner 
( i . e . ,  control  s e t  I) ra ther  than a t  the  center ( i . e . ,  control  s e t  11). However, 
f o r  the  lower controls,  the  greater  moment arm (pri~narily) of control  s e t  I1 
r e s u l t s  i n  the  g rea te r  contribution t o  the  pitching-moment coef f ic ien t s .  

Increments i n  rolling-moment coeff ic ients  fo r  various f l ap  def lect ions  of 
control  s e t s  I and I1 are  compared i n  f igure  24 fo r  one f l a p  deflected i n  each 
case. The f a i r i ng  of the  upper curve i n  f igure  24 i s  based on f i g m e  21 which 



includes helium data and data at  other Mach numbers. These resul t s  indicate tha t  
control s e t  I1 has a rolling-moment capabili ty of more than double tha t  for con- 
t r o l  s e t  I. 

Mach Number Effects 

The variation of the longitudinal characteristics of the basic body with Mach 
number a t  00 angle of attack is presented i n  figure 25 for  a Mach number range 
from 0.7 t o  21.7. The variation over the Mach number range of the present t e s t s  , 
was sl ight ,  and i n  general the trends fit well with those for  the other f a c i l i t i e s  
included i n  figure 25. The Reynolds numbers for  a l l  the t e s t s  were generally 
about the same, as  shown i n  figure 11. The effect  of a variation in  Mach number 
from 5 t o  10 on the control characteristics w a s  generally small, part icular ly for  
large control deflections as shown i n  figure 26. The aerodynamic characteristics 
at trimmed conditions for  the basic body and for  the basic body with the control 
se t s  undeflected are presented i n  figure 27 as a function of Mach number. The 
data from the present t e s t s  generally indicate l i t t l e  difference between the basic 
body and the body with f laps undeflected, althowh there are some differences in  
the angles of attack for  t r i m .  The s t a t i c  lateral-directional s t a b i l i t y  deriv- 
at ives of the basic body and of the body with e i ther  control s e t  undeflected were 
again similar, stable,  and essent ial ly  constant in  the hypersonic speed range 
( f ig .  28). In general the resul ts  are comparable t o  those obtained i n  other 
f a c i l i t i e s .  

Unsteady Flow 

A comparison of shadowgraph pictures, taken of a given f lap configuration a t  
a given tunnel condition but a t  different  times, indicated a movement of the shock 
waves in  the region of the f laps.  Thus a ser ies  of shadowgraph pictures was taken 
a t  00 angle of attack with control s e t  11, i n  an attempt t o  obtain the extremes 
of t h i s  unsteady condition. 

For the basic body, the body with upper flaps,  or the body with the lower 
f lap  deflected 0' or  30°, no change in  the shock-wave position w a s  noted. Above 
30°, the variation i n  shock-wave positions increased with f lap  deflection as  
shown by the superimposed pictures i n  figure 29. The disturbance in  the shock 
waves does not appear t o  originate a s  a resul t  of interference between the wind 
tunnel and the model because the double shock l ines  join and showed no disturb- 
ance as  the tunnel boundary layer is approached. Generally the shock-wave motion 
was confined t o  the region immediately forward of the flap; but with the f lap 
deflected go0, the movement of the shock wave extended forward and nearer t o  the 
body as shown i n  figure 29(b). This fluctuation of the shock wave may be due t o  
large pressure gradients with possible separated flow. 

The shock-wave motion was possibly indicated in  the force data, because the 
sca t te r  in  the pitching-moment data increased as  the control deflection was 
increased. An example of t h i s  s l ight  sca t te r  i n  the pitching-moment coefficient 
i s  i l lus t ra ted  in  figure 30 for  a lower control deflected 600. It should be noted 



t h a t  the sca t te r  is reduced a t  large, negative angles of attack where the f lap  
angle relat ive t o  the airstream i s  small; however, the sca t te r  was  generally small 
and rather  inconclusive because it was  within the maximum instrument e r rors .  
These resul t s  indicate tha t  loca l  unsteady-flow conditions occurred near the flaps, 
but it is not clear  tha t  the magnitude of the unsteady conditions is of any aero- 
dynamic or  s t ruc tura l  concern. 

Approximate Temperature Distributions 

During the force tes ts ,  the model was coated with temperature-sensitive 
paint t o  provide a qualitative dis tr ibut ion of heating on the model. The re su l t s  
obtained were not intended t o  provide heat-transfer data, but rather t o  indicate 
approximately the distribution of heating or  hot spots which could be correlated 
with the shadowgraph pictures.  

The paints described i n  reference 13 had three or  four color changes i n  the 
range from 150' F t o  1 5 0 0 ~  F, and would respond with exposures of 30 seconds or  
l e s s .  A typical  paint pattern obtained on the basic body i s  i l lu s t r a t ed  i n  figure 
31. The paint used in t h i s  case had an original  l i g h t  green color which changed 
at  temperatures up t o  645' F as indicated i n  the figure.  Observations and photo- 
graphs taken i n  sequence showed tha t  the lower surface of the model turned from a 
uniform blue (> 150° F) color t o  a uniform yellow (> 290° F) as the angle of 
at tack was increased t o  The black color at the nose stagnation region is 
the metal showing through the eroded paint; the t rue paint color a t  the stagnation 
region was a brown (> 6450 F).  The diameter of t h i s  stagnation hot spot varied 
only s l igh t ly  during the t e s t  run and amounted t o  only 4 percent of the reference 
base area a f t e r  the t e s t .  

On the lower f laps the heating, as indicated by the paint, was roughly simi- 
lar with e i ther  control s e t .  A representative color pattern for  large f l ap  
deflections is shown i n  figure 32 for  a lower f lap  of control s e t  I deflected 90°. 
For t h i s  case the f lap  was painted with a three-color yellow paint tha t  turned 
gray at  an uncalibrated temperature, orange (receding) a t  790° F, and then gray 
(receding) a t  1290° F. The response temperature of 1290° F was observed at  small 
angles of at tack as  a f a i n t  gray l i n e  i n  the middle of the orange band across the 
f lap.  m e  position of the hot spot on the f lap  shown by the orange color i n  fig- 
ure 32 varied only a l i t t l e  with angles of attack up t o  15'. The location of the 
hot spot corresponded t o  the region where the body and f lap shock waves coalesced 
( f ig .  14(d) ) and may be associated with the unsteady-flow effects  previously dis- 
cussed. The data indicated tha t  the temperatures in  the f lap  s l o t  were lower 
than the f lap  o r  the loca l  body temperatures. The hot spot on the body occurred 
at f lap  deflections of 60° or go0 and was greater in  s ize  for  the larger  angle 
and fo r  the wider f laps of control s e t  11. 



CONCLUDING I?SMfPJCS 

The following remarks a re  r e l a t i ve  t o  ?;rind-tunnel t e s t s  of the M-1 entry  
configuration a t  Mach numbers of 5.2, 7.4, a,nd lo.&, a t  angles oi' atta,ck from 
-30' t o  + l 5 O ,  and a t  Reynolds numbers of 400,000 t o  1,200,000 based on the  body 
length.  

The basic  body was self-trimming, was s t a t i c a l l y  s tab le  about a l l  three  axes, 
and had l a t e r a l -  and d i rec t iona l - s tab i l i ty  charac te r i s t i cs  which were r e l a t i ve ly  
insensi t ive  t o  changes i n  angle of a t t ack  o r  Mach number. The e f f ec t s  of a change 
i n  body shape representative of t h a t  which might r e s u l t  from abla t ion during en t ry  
f l i g h t  were found t o  be small .  

Theoretical estimates, primarily based on impact theory, were s a t i s f ac to ry  
f o r  an approximation of t he  experimental aerodynamic trends f o r  the basic  body 
without f l aps  or  with small deflections of the  f l a p s .  With l a rge  def lect ions  of 
the  f l aps  the  agreement between theory and experiment was of ten poor because l a rge  
and varied e f f e c t s  of interference occurred between the  body and f l a p  flow f i e l d s .  

With an aerodynamic control  system consisting of s ing le  upper and lower 
f l aps  f o r  p i t ch  control ,  two side-mounted f l aps  f o r  yaw control ,  and deflected 
corners on the  yaw f l aps  f o r  r o l l  control ,  the configuration can be trimmed a t  
l i f t -d rag  r a t i o s  from 0 t o  0 .5 .  The f l aps  on the  lower surface of the  model were 
generally more e f fec t ive  than those on the  upper surface, and the  r o l l  control  
investigated was more e f fec t ive  than pr io r  aerodynamic r o l l  controls studied with 
the M-1 by a fac tor  of about two. This control  system a l so  had l i t t l e  cross 
coupling. 

The shadowgraphs indicated unsteady flow i n  the  region where the  body and 
f l a p  shock waves coalesce. The motion of the shock waves was most apparent a t  
l a rge  def lect ions  of the  f laps ,  and the  degree of unsteadiness increased with 
f l a p  def lect ion.  

Qua l i t a t ive  t e s t s  u t i l i z i n g  heat-sensitive pa in t  indicated local ized hot 
spots on t he  f l aps  and on the  body ahead of the  f l aps  f o r  deflections of the  f l aps  
e q d  t o  60° o r  g r ea t e r .  

Ames Research Center 
National Aeronautics and Space Administration 

Moffett Field, Cal i f . ,  Sept. 28, 1962 



A COMPARISON OF NELIUM AND AIR DATA 

A comparison of the kreuds with Mach number between data obtained in helium 
and in air has already been made in the Mach number cross plots of figures 25 
through 28. In these figures the data do not overlap, but for the test configu- 
ration the gas-dynamic characteristics do not vary significantly above a Mach 
number of 6 and their values seem to be as accurately defined in helium as in air. 

Data representative of the results used to obtain the Mach number cross plots 
are presented in figures 33 and 34 for the basic body (side flaps at 0') and for 
the lower pitch flap deflected 60°, respectively. The test conditions of Mach 
nwnber (-10.5) and Reynolds number (-700,000) were essentially the same in the 
two test mediums so that a direct comparison of the results can be made. Figures 
33 and 34 indicate that the trends in the aerodynamic characteristics with angle 
of attack for the M-1 with or without controls are well represented by the gas 
dynamic characteristics in helium. 

There are absolute differences between the air and helium data, but these 
are generally not much greater than the differences (also shown in figs. 25 
through 28) between results obtained in different facilities using air, The one 
exception is the large difference in the drag coefficients with the upper flap 
deflected 60'. The difference in this case may be due to separated flow which 
occurred on the upper surface of the model and to the differences in viscous 
effects in the two test mediums. The reasons for the small differences have not 
been analyzed; however, one theoretical possibility was considered, namely, that 
the maximum pressure coefficient is a function of the ratio of specific heats of 
the test medium. On this basis, modified impact theory would indicate that the 
da,ta in helium at a = 0' should be about 4 percent less than the data in air, 
not grea,ter as the experimental results show. 
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TABLJZ I.- BASIC BODY WITH SIDE CONTROLS AT 0' DEFLECTION, CONTROL SET I1 
(a) M = 5.2, a =: -9' t o  +15O, R = 800,000 

I 



TAJ3U I.- BASIC BODY WITH SIDE CODTROLS AT 0' IIEliZECTZON, CONTROL XE" 11 I?. - 
Continued 

(b) M = 5.2, a a +5O t o  -1?O,  R = 800,000 



TABLE I* - BASIC BODY WITH SIDE CONTROLS AT 0' DEFILECTION, CONTROL SET I1 - 
Cont inv-ed 

(c) M = 5,2, a = -LO0 to -30°, R = 800,000 

-0.0022 -. 0022 
-.0022 
- .0020 
-. 0019 
- .0019 
- .0017 
-.0017 
- .0017 
- .0015 
-. 0014 
-.0014 
- .0014 
- .0012 
- .0013 
- .0011 -. 0012 
- .0011 -. 0012 
- .0012 
- .0012 
- .0010 
- .0011 -. 0011 
- .0010 
- .0011 
- .0011 -. 0011 
- . ooll 
- .oo1i 
- .0014 
- .0015 
-. 0015 
- .0015 
- .001g 
- .0015 
- .0016 
- .0015 
- .0015 
- .0017 
-.0017 
-. 0017 
- .0018 
-. 0019 
- .ooig 
-.0020 
- .0020 
- .001g 
- .0019 
- .0018 
- .oolg 
-.0009 
- .0010 -. 0009 





TABLE I .- BASIC BODY WITH SIDE CONTROLS AT o0 DEFLECTION, CONTROL SET I1 - 
C o n t i n u e d  

( e )  M = 7.4, a = -15' t o  +5O,  R = 800,000 

a, 
aei? 

-15.06 
-15.08 
-15.09 
-14.09 
-14.09 
-14.09 
-13 .lo 
-13 .lo 
-13.10 
-12.11 
-12.10 
-12.10 
-11.12 
-11.11 
-11.11 
-10.14 
-10.13 
-10.13 
-8.66 
-8.66 
-8.66 
-7.21 
-T .20 
-7.19 
-6.25 
-6.24 
-6.23 
-5.28 
-5.28 
-5.28 
-4.32 
-4.30 
-4.30 
-3.36 
-3.35 
-3.34 
-2.38 
-2.38 
-2.37 
-1.42 
-1.41 
-1.40 
-.47 
- .45 
4 5  

.57 

.59 

.60 
1.61 
1.63 
1.64 
3.24 
3.26 
3.27 
4.86 
4.89 
4 . 9  
- .07 -. 30 
-.43 

$ 

c~ 

0.0% 
.og8 
.OW 
.I13 
.I12 
.112 
.129 
.128 
.127 
.145 
.145 
.144 
.I62 
.161 
6 
.I79 
.178 
-178 
.203 
.203 
.a03 
.228 
. 2 q  
.227 
244 

.243 

.243 

.258 
258 
.258 
.273 
.272 
.272 
.287 
.286 
.286 
.299 
.298 
.29g 
.312 
.312 
.311 
.324 
.323 
.323 
.335 
.335 
.336 
.347 
.3& 
.3& 
.360 
-361. 
.361 
.371 
.372 
-373 
. 3 p  
.328 
.326 

C~ 

0.4345 
.4343 
.4334 
.4370 
,4379 
.4379 
.4440 
.4443 
.4444 
.4522 
.4523 
.4524 
1 
.Go5 
.MOT 
. 4 7 ~  
.4710 
.4709 
.My1 
.4882 
.4882 
-5078 
.5083 
.5084 
.5222 
.5229 
.5232 
.5382 
.5378 
-5382 
.5537 
.5535 
.5539 
.>YO2 
-5697 
-5702 
-5865 
-5867 
.5859 
.6045 
.6047 
,6049 
.6235 
.6223 
.6228 
.64u 
.6420 
.6433 
.6616 
.66e 
.662g 
.69k 
.6948 
.6%2 
-7269 
-7280 
-7306 
.6334 
.6306 
.6280 

L/D 

0.225 
5 
.225 
.258 
.256 
.256 
. 2 9  
.288 
.287 
.32l 
.321 
.319 
.351 
.350 
.350 
.379 
.377 
-378 
.414 
-415 
.416 
.449 
.446 
.446 
.467 
.465 
-465 
.479 
.48o 
.480 
.492 
.492 
-492 
.503 
.502 
.502 
1 0  
.5og 
.510 
1 6  
.515 
.515 
.520 
.519 
.51g 
.522 
.522 
.522 
-524 
.522 
5 2  
.51g 
.520 
.519 
. 5 u  
.511 
-511 
.522 
.520 
.519 

Cm 

0.0310 
.03n 
.0311 
-0296 
.O298 
-0298 
.0284 
.0284 
.0285 
.0267 
.0266 
.0268 
.0250 
-0249 
.0250 
.O229 
.o231 
-0229 
.om3 
.O202 

.0167 

.0169 

.016g 

.olG 

.0147 

.0148 

.0130 

.0129 

.o129 

.olio 

.0107 

.0109 

.OOgl 

.oow 

.0091 
-0073 
.0072 
-0071 
-00.55 
.0056 
.0056 
.0040 
.m38 
.0040 
.0020 
.0020 
.0020 
.0002 
-0003 
.oool 

-.0027 
-.0029 
-.0028 
-.0051 
-.0054 
-.0056 

.0032 

.003g 

. O O ~  

Cz, 

0.0008 
.ooo8 
-0008 
.WO7 
.0008 
.0007 
.om6 
-0007 
,0007 
.OOO6 
.0006 
.0006 
.0006 
.0005 
.0005 
-0005 
.ooo5 
.0005 
.om4 
-0004 
.om4 
.0003 
.om3 
.0003 
.0002 
.0003 
.0002 
.0002 
.om1 
.oool 
.om1 
.ooo1 
.0001 
.00Ol 
.oooo 

- .0001 
-.OOOl 
- .OOOI 
-.oool 
-.om3 -. 0002 
-.0002 
-.om3 
- .0004 
- .ooo3 
-.0005 
- .ooo4 
- .0005 
- .om5 
- -0005 - .ooo5 
-.0007 
-.0006 
-.ooo6 
-.ooo8 
-.0008 
-.om8 
-.om4 
-.0004 
-.0003 

cas 

-0.0020 
- .oou 
-.OW1 
-.OD21 
-.0021 
-.002l 
- .oou 
- .0021 
-.0022 
-.0021 
-.0023 
-.0023 
-.0023 
-.OD23 - .0023 
-.0023 -. 0023 
-.Om2 
- .0023 
-.0024 
-.0024 
- .0025 
- .0024 
-.0026 -. 0025 
-.0026 
-.0025 
- .0026 
-.0026 
-.a026 -. 0029 
- .ooq 
-.0028 
-.OO29 
- .0027 
-.0027 
-.0028 
- .0027 
-.oo29 
-.0028 
- .0029 
-.0030 
-.0030 
- .0~28 - -0029 
- .0029 
- .003o -. 0028 -. 0030 -. 0030 
- .003o 
-.0030 
-.OO32 
- .0030 
-.oo29 
-.0031 
-.0031 
- .0028 
- .a029 
-.0030 

cy 

0.0031 
.0033 
-0033 
.0033 
a0034 
-0030 
.0028 
.0028 
-0030 
.0025 
.0030 
.0029 
.0028 
-0025 
.0026 
.0028 
.0025 
-0026 
. m a  
-0026 
.OO& 
.0023 
.0019 
.0024 
.0022 
.0025 
-0023 
.0018 
.0017 
.0017 
4027 
-0019 
-0022 
,0021 
.ool5 . ooll 
.0013 
.000g 
-0012 
-0006 
. O O U  
.0015 
.0009 
.oooo 
.ooo6 
.oooo 
.ooo5 

- .0006 
,0002 
-0002 
.oooo 

-.0003 
.0007 
.oooo 

-.ooo8 
-40003 
-.OOO2 

.oooo 

.woo 
-0009 

'N 

-0.0186 
- .0186 
-.0186 

.OO3O 
. O O U  
-0020 
.0250 
.0238 
-0234 
,0469 
-0470 
.0462 
-0699 
,0694 
.0695 
.0930 
.0922 
.0924 
.1266 
2269 
.1274 
.1625 
.1613 
.1614 
.1855 
-1849 
.1848 
.2069 
.2074 
.2076 
.2302 
.2300 
.2301 
-2528 
.2521 
-2524 
-2743 
.2738 
.2741 
.2968 
.2966 
.2963 
-3191 
.3181 
.3182 
.3413 
.3417 
.3422 
-3650 
.3643 
.364g 
.3gpl 
.boo1 . 4001 
.4318 
.4323 
.43b 
.32gg 
.3244 
.3212 

'A 

0.4450 
.4447 
-4438 
.4513 
.4520 
.4520 
.4616 
.4617 
-4617 
.4726 
.4727 
.4725 
.4839 
.@29 
.kt331 
.kg52 
.4949 
.kg48 
.5140 
-5132 
.5132 
-5324 
.5327 
.5328 
.5456 
-5462 
.5464 
.5596 
.5593 
.5597 
,5726 
.5724 
.5727 
-5860 
.5855 
.5859 
.5984 
.5985 
.5978 
. 6 1 ~  
.6122 
.6=3 
A261 
.6249 
.6253 
.6377 
.6386 
.6398 
-6517 
.6521 
.6527 
-6726 
-6731 
.6734 
.6928 
-6937 
.6961 
.6338 
.6323 
-6305 

'2 

0.0002 
.om2 
-0002 
.0002 
.OOO2 
,0002 
.mol 
.0002 
a0002 
.0001 
.OOOl 
.0001 
.OOOl 
.OOOl 
.oool 
.0001 
.oool 
.0001 
.moo 
.OOOl 
,0001 
.oooo 
.oooo 
.ow0 . oooo 
.OOO0 

-.0001 - -0001 
-.wol 
-.oool 
- .0001 -. 0001 
-.OOOl 
-.OO0l 
-.0002 
- .0002 
--OW2 -. 0003 
-.om2 
- .0003 -. 0003 
-.0002 
-.0003 
-.ooo4 -. 0004 
- .0004 
- .om4 -. 0005 
-.ooo4 
- .0004 -. 0005 
-.ooog 
- .OOO~ 
- .ooo5 
-.ooo6 
-.0005 
-.OOOp 
-.ow4 
- . m 4  
-a0003 

'a 

-0.0021 
-.0022 
-SO022 
-SO022 
-a0022 
-SO022 
- .oou 
-.ooU 
-SO023 
-moo22 
-.0024 
-.0023 
-SO023 
-a0024 
- .0023 
-so024 
- .0023 
-a0023 
- .0024 
-.0024 
-.0025 
- .0025 
- -0024 
- .0026 
- .0025 
-.0026 
-.0025 
- .0026 
-.0026 
-.a026 
- .0029 
- .0027 
-.0028 
-a0029 -. 0027 
- .0027 
-.0028 -. 0027 
-.0028 
- .0028 
- .0029 
-.0030 
-a0030 
-.0028 
- .0029 
-.0029 -. 0030 
- .0028 -. 0030 
- .003o 
- .0030 
-.oox 
-am32 
-.0030 
-.0030 
-SO031 
-a0032 
-.0028 -. 0029 
-.0030 

CAI, 

0.0222 
-0225 
-0225 
.O2l9 
-0218 
,0219 
.0214 
.0214 
-0214 
-0211 
-02.2 
-0212 
-0212 
-02U 
.ou2 
-0209 
.0212 
-0211 
.0213 
-0212 
-0212 
.0213 
.0217 
.ou6 
.a217 
,0218 
-0218 
.on7 
.0217 
.0217 
.0219 
.02a 
-0222 
-0223. 
.0221 
.0222 
*0220 
.02u 
.0220 
.0220 
.02Z 
.0222 
-0220 
.0220 
.0220 
,0223 
.oag  
.0220 
.0222 
-0221 
.0221 
.0222 
,0222 
.oug 
.o223 
-0221 
-0220 
.0221 
.0220 
-0220 



TABLE: I*- BASIC BODY WITH SIDE COIVTROLS AT 0' DEEZECTION, CONTROL SET I1 - 
Continued 

(f) M = 7.4, a - -lo0 to -30°, R = 800,000 



TABLE I .- BASIC BODY WITH SIDE CONTROLS AT 0' DEFLECTION, COKTROL SET 11 - 
C o n t i n u e d  

( g )  M = LO .4, a - -4' t o  + L ~ O ,  R = 600,ooo 



TABLE I.- BASIC BODY WITH SIDE COIITROLS AT 0' DEFZECTIOM9 CONTROL SET I1 - 
Continued 

(11) M = 1 0 . 4 ~  a = -15O to + 5 O ,  R = 600,000 



TABLE I.- BASIC BODY WITH SIDE CONTROLS AT 0' DEFZFICTION, CONTROL SET 11 - 
Concluded 

(i) M = 10.4, a 2 -30' to -lo0, R = 600,000 





80 vacuum 
stcoraae 

Natural-gas burner 

From vacuum 
storage 

Figure 1.- Schematic ske tch  of  t h e  Ames 3.5-Foot Hypersonic Wind Tunnel. 



L 

Figure 2.- Test sect ion of? the Arnes 3.5-Foot Hnerson ic  Wind Tunnel. 



Shoulder radius 

tangent fairing 

Section A-A 

Base area 0.5686 d2 
planform area 0.4042 d2 

, 0 9 4  ,1333 .1%6 

,1011 ,1555 ,2045 

.1101i .1777 .2177 

,1213 
conic 

,1326 

Present tests: d = 10.000 inches 

Figure 3.- Dimensions of the basic M-1 body. 



NOTE: For present tests 
d = 10.000 inches 

Cz 

Reference body axis 
parallel to model 
upper surface 

Relative wind 

(a) Control set I. 

Figure 4.- Dimensions of the control sets tested. 



T I -  

\ ~ l o t s  .0135d 
deep 

Section B - B  

Present tests: d= 10.000 inches 

(b) Control  s e t  11, modified t o  have r o l l  c o n t r o l .  

Figure 4 .  - Concluded. 



(a) Control  s e t  I, body l eng th  6.66 i n .  
A-27680-7 

A-27680- 1 

(b)  Con t ro l  s e t  11, w i t h  r o l l  flap; body l eng th  6.66 i n .  

Figure 5 .  - Basi c body with va-rious flap conf igurat ioiis: 



UPPER QUADRANT C0-ORDINATES 
CO-ORDINATES TMOUGX SECTION E-E 

SET I - 

0.657 
End of flat 

SET H - 

0.129 -0.357 Nose 
0.160 -0.493 bas@ 
0.2111 -0.679 

0.250 -0.711 

0.293 -0.857 

0.560 -0.965 

3 1  
of 

: mode! 

-1.150 

0.621 -1.286 St0. 0.100 

1-1 NOTE: A l l  dimensions in inches 

I 
Base area 56.39 sq. in. 
Planform area 39.62 sq. in. 

Figure 6.- Dimensions of the  ablated body. 

SECTION D-D 

W 
I-' 

SECTION C-C VIEW A-A SECTION &B 



1 .o 

.8 

.6 

CD .4 
and 

C~ .2 

0 

-.2 
-32 -28 -24 -20 -16 -12 -8  -4 0 4 8 12 16 

a, deg 

(a) M = 5.2 

Figure 7.- Longitudinal aerodyxamic characteristics of the ba,sic body 
without fla,ps . 



D 

and 

L 

a, deg 

(b) M = 7.4 

Figure 7.- Continued. 



.8 

000 Experiment 
.6 

Impact theory 2.00 

.4 

.2 

.O 

-.2 

- .4 

and 

( c )  M = 10.4 

Figure 7. - Concluded. 



a, deg 

Figure 8.- Typical base-pressure coefficients for the basic body; M = 7.4. 



Figure 9.- Late ra l  and directional. charac te r i s t i c s  f o r  the  bas ic  body a t  Mach 
numbers of 5 .2  and 7.4 .  



(b) Cn, CL, and Cy at a = O0 

Figure 9. - Concluded. 



and 

Figure 10.- Effect of ablation on the longitudinal aerodynamic characteristics 
of the basic body with control set I1 undeflected; M = 10.4. 



4.0x106 

velocity altitude angle L/D 
3.6 

Satellite 24,090 668,000 - .42  .5 
---- Undershoot 36,000 400,000 - 7.90 

3.2 ---------- -- Overshoot 36,000 400,000 -4.78 -.5 
(at 24,840 fps, L/D changed to  +.5) 

2.8 Assumed vehicle, L = 8 ft, 
W = 5 2 2 5  Ib, W/CD A =90.25 lb/ f t2.  

2.4 
E 0 Present tests, 1.6.660 in 

L- O Reference 6, 1 = 1.499 in 
a, 
a 2 .o 0 Reference 9, L ~ 4 . 0 2 4  in 
E 
3 

A Reference 10, 1 = 1.499 in 
K 

U) 1.6 Z1 
0 
c =-. 
5' 
E 1.2 

.8 

.4 

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 
Mach number, M 

Figure 11.- Variation of Reynolds number with Mach number for the wind-tunnel tests and for a full- 
scale vehicle entering the Earth's atmosphere along three types of trajectories. 



CD 
and 
C L 

Figure 1 2  . - E f f e c t  of  lower-flap d e f l e c t  ion  oil the  l o n g i t ~ c i i n a l  a,erodynaniic 
ch.ara,ctel-istics of the ba,sic body wi th  contl-ol s e t  I, M = 7.4. 



A-28173 A-28174 
(a) 6u = 62 = 30' (b)  Su = 62 = 60° 

A-28177 
( c )  6u = o", 62 = 90' (d) ?ju = 900, 62 = o0 A-28176 

Figure 13 .- Shadowgraph p i c t u r e s  of t h e  b a s i c  body with cont ro l  s e t  T I ,  M = 7 .!1. 



A-28597-1 

(a) 6, = € j 2  = 30' 
A-28597-2 

(b) 8, = 62 = 4 5 O  

A-28597-3 A-28597-4 

0 
( c )  6, = f i 2  = 60 (d) 6 u = 6  2 = 

Figure 14.- Shad-owgraph. pic-tures of t h e  basic body with control set 11, M = I 



and 

Figure 15.- Effect of Reynolds number on the longitudinal aerodynamic character- 
istics of the basic body with the upper flap of control set I1 deflected 90°; 
M = 7.4. 



- - 
- 5  0 15 -5 0 15 

a for Su=600 a for Su = 30° 

I I I I I I I  l I I l I ! I  

-15 0 15 -15 0 15 
a for S,=90° a for SU=45" 

- 
-5 0 15 

a for 61 =30° - - 
-5 0 15 -5  0 15 
a for S1 =0° a for S1 =45" 

-- 
-15 0 15 

a for s1 =90° 

~ I I I I I I  

-15 0 15 
a for Sl = 60' 

(a) AC,, M = 7.4 

Figure 16.- Pitching-moment-, lift-, and drag-coefficient increments due to pitch-flap deflections of 
control set 11. 



- - 
- 5  0 15 -5 0 15 

a f o r  SU=600 a f o r S U = 3 O 0  

- 
-5 0 15 
a for S L  =30° 

-1 

-I5 0 15 
a for G E  =9Q0 

I I I I I I I  I I I I I I I  

-15 0 15 - 15 0 15 
a For 6,=90° a for SU =45O 

- - 
-5  0 15 -5 0 15 

a for 81=00 a for Sl =45O 

-15 0 15 
a for 61 =60° 

(b) LCL and LCD, M = 7.4 

Figure 16 . - Continued . 



1 I I I I l i  

-15 0 15 
a for S,=90° 

- - 
-5 0 15 -5 0 15 

a for 6 ,  = 60' a for 6, =300 - 
-5 0 15 
a for Su=450 

- 
-5 0 15 
a for S2 = O0 

- 1 1 1 1 1 1 1 1 1 ~  

-5 0 15 -50 0 15 
a for Sl =30° a for St =SO0 - 

-5 0 15 
a for S2 =45O 

I I I I I I I I I i  

- 30 0 15 
a for S2 =60° 

(c) Em, M = 10.4 

Figure 16 . - Concluded. 



- - - -  Impact Exp. M 
theory o 5.2 

(a) Cnp,  C Z p 9  andC at M = 5 . 2 ,  7*4, and10.4 
Y~ 

Figure 17.- Lateral and directional characteristics for the basic body with con- 
trol set 11. 



(b) C,, CZ, and Cy at a = 00 and M = 7.4 

Figure 17.- Concluded 



0 for By = 60' 

0 for By = 30" 

0 for ay = 0" 

Figure 18.- Experimental increments i n  aerodynamic c h a r a c t e r i s t i c s  due t o  yaw 
a,nd r o l l  de f l ec t ions  oC t h e  l e f t - s i d e  f1a.p of c o n t r o l  s e t  11; M = 7.4. 



0 for Ziy =BO 

For roll ongles of 
3Q0, 60°, and 9Q0 

0 for By = 30° and 60" 

= 30' 

aY= 60° 

8, 

(a) ED 

Figure 18. - Continued . 

SY=3O0 

0 for Sy=300 

0 for Sy=OO 

and 60' 



0 for B y  = GO0 

0 for Sy = 30' 

0 for Sy = O0 

6, 

Figure 18. - Concluded. 

0 for 

0 for 

0 for 



and 

AC, -.04 

and 

Figure 19.- Experimental increments i n  aerodynamic coef f ic ien t s  due t o  90' def lect ions  of supplementary 
l e f t  and r i g h t  s ide  roll-yaw f l aps  of control  s e t  11; M = 7.4. 



.0 2 

nc, .Ol 

0 

nc, .I nc, o 

.I .04 

ncL 0 nc, o 

-.I -.04 I 1 
-8 -4 0 4 8 12 16 -8 -4 0 4 8 I2 16 

Figure 20.- Representative increments in aerodynamic coefficients due to a small deflection of the left 
side roll-yaw flap of control set 11; byL = 30°, 6rL = 600, M = 7.4. 



Figure 21.- Yawing- and rolling-moment-coefficient increments due to deflection 
of the left side roll-yaw flap of control set I1 at various Mach numbers; 
a = 00. 



8, 

( a )  Experiment, M = 7.4. 

(b) Impact theory. 

Figure 22.- Estimated and experimental variation of trimmed l i f t -drag r a t ios  
with deflection of the pi tch flaps of control s e t  11. 



I l I i I I I  

-15 0 15 
a for 6,=90° 

- 
-5 0 15 -15 - 7 5  0 
a for = O0 a for =90° 

I I I I I I I  

- 15 0 15 
a for 81 =60° 

Figure 23.- Experimental moment-coefficient increments due t o  p i t ch - f l ap  d e f l e c t i o n s  of c o n t r o l  s e t s  1 
and 11; M = 7.4. 



(C. S. TI) or 8 u d C .  S. I), deg 

Figwe 24. - Increment changes in rolling-moment coefficient due to fla,p deflec- 
tions of coritrol. sets 1 and 11; y = oo, M = 7.4. 



---- - - Modified impact theory, air 
- - - Modified impact theory, helium 

o Present tests 
Reference 6 

0 Reference 9 
A Reference 10, helium 

Flagged symbols, control set I 
all flaps at O0 

Figure 25.- Variation of the longitudinal gas-dynamic characteristics of the 
basic body with Mach number; a = oO. 



Figure 26 .- Variation with Mach number of pitching-moment-, drag-, and lift- 
coefficient increments due to a 600 deflection of a lower flap; control sets 
I and 11, y = 0'. 

b 
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----- 
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C- 

.04 Impact 

0 Present tests 
Reference 6 

0 Reference 9 
a Reference 10, 

-.I 2 

- . I 6  
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--- 
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o Present tests 
Reference 6 

0 Reference 9 .7 
a Reference 10, 
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.5  

.4 

4 
a tr im* 

deg 
0 

Figure 27.- Variation of trim characteristics with Mach number of the basic body 
and. the body with flaps und-eflected-. 



,006 

.004 

c% o Present tests 

.002 

0 

Figure 28 .- Variation of the lateral-directional stability derivatives with Mach 
number of the basic body and the body with flaps undeflected; a = 00. 



82 = 60' 

(a )  Near flaps 

(b) Near body, S 2 = 90° 

Figure 29.- Local unsteady flow near body and lower f laps of control s e t  11; M = 10.4. 



Figure 30.- Typical plot indicating an increase in scatter of pitching-moment coefficients at large 
flap deflections relative to the airstrenm; M = 10.4. 

m 



Figwe 31.- Color photograph of t yp i ca l  pa t t e rn  over the  basic  body produced by temperature sens i t ive  
paint; a = - 5 O  t o  +UO, Tt = 1 6 0 0 ~  F, and M = 10.4. 



Figure 32.- Color photograph of typical hot spots on body and flaps with large flap deflections as 
indicated by temperature sensitive paint; a = -5' to +15O, 

Ttl 
= 1600' F, M = 10.4. 



and 

Present test; M = 10.4, R =600,000, air 
--- Reference 10; M = 10.9; R = 800,000; helium 

C 

CL - - - - - - - _  /- 
C 

/5=- 

//# 

/// 

I 

Figure 33.- Representative longitudinal gas-dynamic characteristics in air and 
helium of the basic body (with side flaps at 0 0 ) .  



and 
CL 

.6 

.4  

.2 

0 
Present test, M=10.4, R=600,000, air 

I Reference 10, M=10.9, ~ = 8 0 0 , 0 0 0 ,  helium I 

Figure 34. - Representative longitudinal gas-dynamic characteristics in air and 
helium of the basic body with 60° deflection of either the upper or lower 
pitch flap of control set 11. 






